
Mitochondrial fatty acid synthesis is required for
normal mitochondrial morphology and function in
Trypanosoma brucei

Jennifer L. Guler,1 Eva Kriegova,2 Terry K. Smith,3†

Julius Lukeš2 and Paul T. Englund1*
1Department of Biological Chemistry, Johns Hopkins
University School of Medicine, Baltimore, MD, USA.
2Institute of Parasitology, Czech Academy of Sciences,
and Faculty of Science, University of South Bohemia,
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Summary

Trypanosoma brucei use microsomal elongases for
de novo synthesis of most of its fatty acids. In addi-
tion, this parasite utilizes an essential mitochondrial
type II synthase for production of octanoate (a lipoic
acid precursor) as well as longer fatty acids such as
palmitate. Evidence from other organisms suggests
that mitochondrially synthesized fatty acids are
required for efficient respiration but the exact rela-
tionship remains unclear. In procyclic form trypano-
somes, we also found that RNAi depletion of the
mitochondrial acyl carrier protein, an important com-
ponent of the fatty acid synthesis machinery, sig-
nificantly reduces cytochrome-mediated respiration.
This reduction was explained by RNAi-mediated inhi-
bition of respiratory complexes II, III and IV, but not
complex I. Other effects of RNAi, such as changes in
mitochondrial morphology and alterations in mem-
brane potential, raised the possibility of a change in
mitochondrial membrane composition. Using mass
spectrometry, we observed a decrease in total and
mitochondrial phosphatidylinositol and mitochon-
drial phosphatidylethanolamine. Thus, we conclude
that the mitochondrial synthase produces fatty acids
needed for maintaining local phospholipid levels that
are required for activity of respiratory complexes

and preservation of mitochondrial morphology and
function.

Introduction

Trypanosoma brucei is the protozoan parasite that causes
nagana in cattle and African sleeping sickness in humans.
Two of its life cycle stages are easily cultured in the
laboratory; the procyclic form (PCF) normally resides in the
midgut of the tsetse vector and the bloodstream form
(BSF), which causes disease, multiplies within the mam-
malian bloodstream. Over the years a major objective of
trypanosome research has been to identify novel drug
targets. As a result, many investigators have focused on
the atypical biology of this parasite, which differs markedly
from that of its mammalian host. One unusual feature is the
single tubular mitochondrion that extends throughout the
cell and houses indispensable metabolic pathways. PCF
trypanosomes, the focus of these studies, are mostly
fuelled by amino acids catabolized in this organelle (van
Weelden et al., 2003; van Weelden et al., 2005). However,
when glucose is available, it is catabolized in the glyco-
some, a peroxisome-like organelle which houses most of
the glycolytic pathway (Opperdoes and Borst, 1977). Pyru-
vate, the end-product of glycolysis, is produced in the
cytosol and further metabolized within the mitochondrion
(Lamour et al., 2005; Bringaud et al., 2006).

An atypical feature of the PCF mitochondrion is its
branched respiratory chain. Ubiquinone can carry
electrons from succinate dehydrogenase (complex II)
[and potentially from NADH:ubiquinone oxidoreductase
(complex I) and alternative NADH dehydrogenases
(Fang and Beattie, 2002, 2003a)] either to the
cytochrome-mediated respiratory chain [involving cyto-
chrome c reductase (complex III), cytochrome c and cyto-
chrome c oxidase (complex IV)] or to the trypanosome
alternative oxidase (TAO) (Hill and Cross, 1973; Njogu
et al., 1980). As KCN inhibits the former and salicylhy-
droxamic acid (SHAM) the latter, both inhibitors are
required to block respiration completely (Njogu et al.,
1980; van Weelden et al., 2003) (Fig. 3A).

Although a multisubunit complex I has recently been
characterized in Phytomonas serpens, a plant parasite
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related to trypanosomes, the presence of a typical
complex I in T. brucei is controversial (for discussion see
Čermáková et al., 2007). If present, it may be smaller and
highly diverged from its counterpart in higher eukaryotes.
Alternatively, T. brucei may have bypassed the need for
complex I all together. Instead, it may use an NADH-
fumarate reductase to oxidize mitochondrial NADH,
thereby producing succinate as a substrate for complex II
(Turrens, 1989).

Another remarkable feature of trypanosome metabolism
is their mechanism for de novo synthesis of fatty acids.
While most eukaryotic organisms utilize a multi-
domain type I cytoplasmic fatty acid synthase (Smith,
1994), trypanosomes instead use an unconventional
family of elongases (ELO) to assemble saturated fatty
acids up to stearate (C18) (Lee et al., 2006). However, like
other eukaryotes (Mikolajczyk and Brody, 1990; Shintani
and Ohlrogge, 1994; Gueguen et al., 2000), the trypano-
some mitochondrion also houses a prokaryotic-like type II
fatty acid synthase. In this synthase, all catalytic activities,
as well as acyl carrier protein (ACP), reside on sepa-
rate polypeptides. Mitochondrial synthases make the
octanoate (C8) precursor of lipoic acid (Brody et al., 1997;
Gueguen et al., 2000; Stephens et al., 2007), a cofactor for
mitochondrial a-ketoacid dehydrogenase complexes.
Longer fatty acids, such as myristate (C14) in fungi (Mikola-
jczyk and Brody, 1990), palmitate (C16) in trypanosomes
(Stephens et al., 2007) and stearate (C18) in plants (Shin-
tani and Ohlrogge, 1994; Gueguen et al., 2000), are also
synthesized intramitochondrially. Mitochondrial fatty acid
synthesis appears to be required for normal respiratory
function, which in some cases, is explained by the fact that
ACP is an essential component of complex I (Runswick
et al., 1991; Sackmann et al., 1991; Schneider et al., 1995;
Cronan et al., 2005). However, ACP depletion in Saccha-
romyces cerevisiae, an organism naturally devoid of
complex I, also decreases respiration (Schneider et al.,
1995; Hiltunen et al., 2005), and this finding suggests a
relationship between products of the mitochondrial fatty
acid synthase and respiration.

In PCF trypanosomes, RNAi knock-down of ACP
resulted in inhibition of cytochrome-mediated respiration,
causing the cells to rely more on the SHAM-sensitive
alternative oxidase. Like S. cerevisiae, we found that the
respiratory inhibition was independent of an effect on
complex I. In addition, ACP depletion in trypanosomes
caused phenotypic changes in mitochondrial membrane
potential and ultrastructure that we attribute to the alter-
ation in mitochondrial phospholipid composition. Thus, the
mitochondrial fatty acid synthase plays a key role in mito-
chondrial function by supplying the fatty acids needed for
maintenance of local phospholipids, ensuring organellar
integrity and proper functioning of the respiratory
machinery.

Results

ACP RNAi inhibits respiration

In S. cerevisiae, mitochondrial fatty acid synthesis is
essential for respiratory competence (Hiltunen et al.,
2005). To determine if the same is true in PCF T. brucei, we
compared O2 consumption rates [(nmol O2) min-1

(mg protein)-1] in cells having normal levels of ACP with
those having ACP levels knocked-down by RNAi. A repre-
sentative O2 electrode trace revealed a clear defect in O2

consumption following 3 days ofACP RNAi (Fig. 1A).Aver-
aging results from several experiments, we found that
uninduced RNAi cells respired at a rate comparable to that
of wild-type cells (13.1 � 1.1 and 12.8 � 0.7 nmol min-1

mg-1 respectively). In contrast, respiration of RNAi cells
(induced for 2–4 days) was reduced by ~80% (2.8 � 0.5
nmol min-1 mg-1) (Fig. 1B). To be certain that the effect on
respiration was due toACP level and not just to reduction in
the growth rate, we also measured O2 consumption follow-
ing knock-down of another essential enzyme, ornithine
decarboxylase (ODC) (Wang et al., 2000). Although the
growth effect in both RNAi cell lines started 3 days after
induction of RNAi (inset graphs in Fig. 1B), O2 consump-

Fig. 1. Effect of ACP RNAi on respiration.
A. O2 electrode traces from uninduced (-RNAi) and induced
(3 days, +RNAi) ACP RNAi trypanosomes. The O2 consumption
rate from a representative experiment was calculated from the
slope of the line in the light grey region of the trace [-RNAi: 9.7
nmol min-1 (mg protein)-1, +RNAi: 1.3 nmol min-1 (mg protein)-1].
For the above calculations, we assumed the solubility of oxygen in
water at 28°C is 250 mM.
B. Mean O2 consumption rates (� standard error) from wild-type
cells (untransfected strain 29–13, grey bar, n = 11), uninduced ACP
RNAi cells (white bar, n = 10) and ACP RNAi cells induced for
2–4 days (black bar, n = 15). As a control, we included average
rates from either ODC RNAi cells uninduced (white bar, n = 5) or
induced for 3–4 days (black bar, n = 10). In agreement with
published data (Wang et al., 2000; Stephens et al., 2007), growth
curves show that RNAi of ACP (left inset) and ODC (right inset)
caused a growth defect starting at day 3. Parasites per ml (Y-axis)
was calculated by multiplying cell density and dilution factor.
Tetracycline (1 mg ml-1) was added at 0 h to induce RNAi.
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tion (comparing uninduced and RNAi cells induced for
3–4 days) was only reduced by 24% after ODC RNAi
(13.2 � 1.3 and 10.1 � 1.0 nmol min-1 mg-1 respec-
tively) (Fig. 1B). Therefore, we conclude that trypanoso-
mal mitochondrial ACP, as in other organisms, is
required for efficient respiration.

As mitochondrial ACP is essential for the assembly and
function of respiratory complex I in mammals and fungi
(Runswick et al., 1991; Sackmann et al., 1991; Schneider
et al., 1995; Cronan et al., 2005), we next investigated
whether the RNAi-dependent respiratory defect was due
to a specific effect on this complex. Spectrophotometric
assays of NADH dehydrogenase activity revealed only a
modest decrease (to 83% and 72% of wild-type levels,
depending on the electron acceptor) after 5 days of RNAi
(Table 1). It is possible that alternative NADH dehydroge-
nases (Fang and Beattie, 2002) could compensate for the
loss of complex I activity in this assay. Therefore, we used
a more specific assay for detection of the large, multisub-
unit complex I (Horváth et al., 2005) based on fraction-
ation of mitochondrial lysates on a blue-native PAGE gel,
followed by in-gel detection of complex I activity. Similar to
spectrophotometric assays, we consistently observed a
slight decrease in activity after 5 days (Fig. 2A, lane 5),
when compared with uninduced cells (lane 3). However,
when compared with wild-type activity (lane 2), there was
a consistent increase in activity in uninduced cells (lane 3)

and RNAi cells induced for 3 days (lane 4) or even 5 days
(lane 5).

As ACP RNAi did not drastically reduce complex I activ-
ity, we next determined its effect on activity of the other

Table 1. Activity assays (mean � standard deviation) of respiratory complexes following 3 or 5 days of ACP RNAi.

Respiratory complex Days +RNAi -RNAi specific activitya % of -RNAi

NADH dehydrogenase I (Fe)b 0 182 � 41 U mg-1 100%
3 79 � 15
5 72 � 17

I (Q2)b 0 50 � 14 U mg-1 100%
3 82 � 4
5 83 � 6

Succinate dehydrogenase II 0 38 � 22 U mg-1 100%
3 34 � 9
5 26 � 10

Cytochrome c reductase III 0 192 � 89 mU mg-1 100%
3 77 � 11
5 33 � 7

Cytochrome c oxidase IV 0 1.4 � 0.5 mU mg-1 100%
3 74 � 9
5 56 � 12

ATP synthase V 0 353 � 122 U mg-1 100%
3 84 � 5
5 93 � 13

a. For NADH-dehydrogenase, a unit is defined as the amount of enzyme that oxidizes 1 nmol NADH per minute (González-Halphen and Maslov,
2004). For succinate-dehydrogenase, a unit is defined as the amount of enzyme that oxidizes 1 nmol of 2,6-dichlorphenolindolphenol per minute
(Birch-Machin and Turnbull, 2001). For cytochrome c-reductase/oxidase, a milliunit is defined as the amount of enzyme that reduces or oxidizes
1 mmol of cytochrome c per minute (Horváth et al., 2000). For ATP-synthase the reverse reaction is measured and a unit is defined as the amount
of enzyme that releases 1 nmol of inorganic phosphate per minute ( Law et al., 1995).
b. Ferricyanide (Fe) or ubiquinone 2 (Q2) were used as two different artificial electron acceptors to measure NADH dehydrogenase activity.
% of -RNAi was calculated using values from uninduced controls (-RNAi rate). Specific activity is units or milliunits/milligram of mitochondrial
protein (U mg-1 or mU mg-1).

Fig. 2. Effect of ACP RNAi on the activity of respiratory
complexes. Extracts of mitochondrial vesicles from trypanosomes
(induced for ACP RNAi for 0, 3 or 5 days) were fractionated by blue
native PAGE.
A. In-gel assay of complex I (NADH dehydrogenase) activity;
M, molecular mass marker [880 kDa: ferritin dimer (equine spleen),
440 kDa: ferritin monomer)]. Wt, wild type control (untransfected
strain 29–13).
B. In-gel assay of complex IV (cytochrome c oxidase) activity;
Lt, Leishmania tarentolae control.
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respiratory complexes. Spectrophotometric assays of
complexes II and III after 5 days of RNAi showed a strong
decrease in activity (to 26% and 33% of uninduced levels;
Table 1). In addition, both in-gel and spectrophotometric
assays showed that ACP RNAi caused complex IV activity
to decrease by about half (Table 1 and Fig. 2B, compare
lane 3 with lanes 4 and 5). There was no significant
decrease in complex V activity (Table 1) but effects on
complexes II, III and IV explain the reduction in respiration
following ACP RNAi.

Effect of ACP RNAi and respiratory inhibitors on
cell growth

To further assess the consequences of ACP depletion,
we determined the effect of respiratory inhibitors on
cell growth. Normally, PCF trypanosomes rely on both
cytochrome-mediated and alternative respiratory path-
ways (Hill and Cross, 1973; Njogu et al., 1980; van
Weelden et al., 2003) (see schematic diagram in Fig. 3A).
This codependency is illustrated in the left panel of
Fig. 3B; treating uninduced cells (-RNAi, none) with either
1 mM KCN (a complex IV inhibitor) or 1 mM SHAM (a
TAO inhibitor) causes only partial growth inhibition (the
doubling time of each increases by approximately twofold;
note that all slopes were measured within the grey region
of the growth curve), whereas treatment with both inhibi-
tors completely stopped growth. As ACP is essential for
growth of trypanosomes (Stephens et al., 2007), their
doubling time is increased by approximately fourfold after
RNAi induction (right panel, +RNAi, none). In these con-
ditions, KCN treatment only partly inhibited cell growth
(the doubling time was increased by less than twofold)
but SHAM treatment inhibited growth completely. The
increased sensitivity to SHAM [also observed by measur-
ing its effect on O2 consumption (J. Lukeš, unpubl.)],
indicates that the RNAi cells have become more reliant on
the alternative branch of the respiratory pathway. Consis-
tent with this hypothesis, we found that cells undergoing
ACP RNAi have increased levels of TAO, the terminal
oxidase of the alternative branch. Using the standard
chemiluminescent detection method, TAO protein was not
visible in uninduced cells, but could only be seen after
4–5 days of RNAi (Fig. 3C, row 3). However, a more sen-
sitive chemiluminescent method (Supersignal West
Femto) revealed that TAO was dramatically upregulated
between 3 and 4 days of RNAi (row 4). Levels of other
mitochondrial proteins such as HSP-70 (row 1) and ATP
synthase (row 2), however, changed little after ACP RNAi
induction.

ACP RNAi alters mitochondrial membrane potential

Previous studies had shown that inactivation of trypano-
some respiratory complexes, particularly III, IV and V,

reduced mitochondrial staining by membrane potential-
sensitive dyes (Horváth et al., 2005; Schnaufer et al.,
2005; Brown et al., 2006). Because of the striking effects
ACP depletion had on trypanosome respiration (Figs 1,2
and 3 and Table 1), we hypothesized that mitochondrial
membrane potential would also be reduced in these
cells. Therefore, we applied a method used previously
to assess membrane potential in this organism
(Timms et al., 2002; Brown et al., 2006); trypanosomes
are stained with the membrane potential-dependant
Mitotracker Red and observed by fluorescence micro-
scopy. In wild-type cells, Mitotracker staining revealed
the characteristic tubular pattern of a mitochondrion
reflecting normal membrane potential (Fig. 4A, wt).
Occasionally in these cells, there were bright spots
where the Mitotracker dye had been concentrated
(arrowhead, wt and day 0). In addition, we noticed a
difference in the Mitotracker staining pattern between
wild-type and uninduced RNAi cells: the mitochondrion
changed from distinct tubules (wt) to thinner, net-like
branches (day 0 and continuing to day 1, the asterisk
‘*’). This observation, along with the upregulation of
complex I activity mentioned above, may be due to a
slight leakiness in the expression of double-stranded
RNA at day 0 and thus, indicate that the initial pheno-
type of ACP RNAi resembles the small, spindly networks
of mitochondria found in yeast mitochondrial fatty acid
synthesis knockouts (Torkko et al., 2001; Kastaniotis
et al., 2004). The Mitotracker bright spots, however,
became more prevalent at days 2 and 3 and then
enlarged at day 4 of RNAi (arrow). Quantitative analysis
showed that the average number of Mitotracker bright
spots per cell progressively increased from ~1 in wild-
type and day 0 RNAi cells, to ~4 for day 2 RNAi cells, to
over 9 for days 3, 4, or 5 RNAi cells (histograms in
Fig. 4A). The accumulation of these bright spots was not
Mitotracker-specific; we observed similar intensely stain-
ing regions in RNAi cells stained with another mem-
brane potential-dependent dye, tetramethylrhodamine
ethyl ester (250 nM) (J.L. Guler, unpubl.). In addition, if
trypanosomes were treated with the respiratory uncou-
pler carbonylcyanide m-chlorophenylhydrazone (CCCP,
100 mM) (Fig. 4B, �RNAi, panels 2 and 3), which dissi-
pates membrane potential, fluorescence intensity of
Mitotracker bright spots decreased to a level below that
in either uninduced or induced RNAi cells without CCCP
treatment (� RNAi, panel 1). Some lightly staining spots
persist in CCCP-treated ACP RNAi cells (panel 2).
However, these spots were further dissipated by 100 mM
CCCP when a lower concentration (5 nM) of Mitotracker
was used (panel 3). From these observations, we
conclude that Mitotracker bright spots are at least
partially due to localized regions of elevated membrane
potential.
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ACP RNAi changes mitochondrial structure

To explain the alteration in Mitotracker staining (Fig. 4),
we hypothesized that RNAi causes a change in mitochon-
drial structure. Transmission electron microscopy (EM) of
cells after 5 days of RNAi showed that the mitochondrion
in these cells was enlarged and had lower electron
density (Fig. 5B) when compared with the mitochondrion

in uninduced cells (Fig. 5A). In addition, large electron-
dense aggregates (Fig. 5B, black arrowheads) and mem-
branous bodies (asterisk ‘*’), which may be disrupted
cristae, appeared only after RNAi. As these ultrastructural
features were observed regardless of the fixation method
or resin used (see Experimental procedures), the possi-
bility of artifacts caused by improper fixation or suboptimal
osmolarity can be ruled out. All other cellular structures,

Fig. 3. Effect of ACP RNAi on the two branches of the T. brucei respiratory chain.
A. Schematic of the alternative and cytochrome-mediated branches of respiratory chain showing their respective inhibitors. IMS, intermembrane
space; IM, inner membrane; M, matrix; G3PDH, glycerol-3-phosphate dehydrogenase; G3P, glycerol-3-phosphate; DHAP, dihydroxyacetone
phosphate; Q, ubiquinone; TAO, trypanosome alternative oxidase; SHAM, salicylhydroxamic acid; CI, complex I (NADH-dehydrogenase); CII,
complex II (succinate dehydrogenase); CIII, complex III (cytochrome c reductase); C, cytochrome c; CIV, complex IV (cytochrome c oxidase). In
addition to CI and G3PDH, alternative NADH dehydrogenases may also contribute to the pool of reduced Q.
B. To show the contribution of each respiratory branch to trypanosome growth, uninduced RNAi cells (-RNAi, left panel) either were left
untreated (except for an equivalent volume of ethanol, none) or were treated with 1 mM (final concentration) salicylhydroxamic acid (SHAM, ICN
Biochemicals, 500 mM stock solution in ethanol), 1 mM KCN (Mallinckrodt Chemical Works, 500 mM stock solution in de-ionized water), or both
SHAM and KCN. The final percentage of ethanol [< 1% (v/v)] had no effect on trypanosome growth. Cells induced for RNAi (+RNAi, right panel)
were similarly left untreated (none) or treated with 1 mM SHAM or 1 mM KCN. The growth curve of uninduced RNAi (-RNAi)
cells (dashed line) from the left panel is shown for comparison. The last time point in this line has been left out in order to truncate the
height of the graph (value, 2.4 ¥ 107 parasites ml-1). Parasites per ml (y-axis) was calculated by multiplying cell density and dilution factor.
ACP RNAi was induced with tetracycline 48 h prior to addition of drugs (SHAM or KCN) at 0 h. Growth rates (see Results) were calculated using
cell densities between 26.5 and 50.5 h of treatment (grey region), with the assumption that growth is exponential during that period.
C. Effect of RNAi on levels of mitochondrial proteins as determined by Western blot. Proteins were HSP-70 (70 kDa, row 1), the F1b subunit of
ATP synthase (55.7 kDa, row 2) and trypanosome alternative oxidase (TAO, 38 kDa, rows 3 and 4). Proteins in rows 1–3 were detected by the
Enhanced Chemiluminescence assay and that in lane 4 by the much more sensitive assay (Supersignal West Femto, Pierce). Small regions of
each blot are shown as no other major bands were detected.
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including the nucleus, acidocalcisomes, lipid droplets,
endoplasmic reticulum (ER), flagellum and kinetoplast,
appear to be normal following ACP RNAi (Fig. 5B).
Fluorescence microscopy of the mitochondrial matrix
protein, HSP-70, showed that enlargement of the mito-
chondrion began as early as 3 days after RNAi induction
(Fig. 5D).

The presence of functional respiratory complexes within
the membraneous bodies (asterisk ‘*’ in Fig. 5B) could
explain the Mitotracker bright spots we observed following
RNAi. Immunofluorescence using antibodies against sub-
units of complexes III and IV, which normally pump
protons, and complex V, which can work in reverse and

hydrolyze ATP to generate a membrane potential
(Schnaufer et al., 2005; Brown et al., 2006), showed
that these complexes occasionally colocalize with the
Mitotracker bright spots in RNAi cells (Fig. 6, white
arrows). Not all mitochondrial proteins displayed this
pattern; in fact, the mitochondrial matrix protein HSP-70
seemed to be excluded from the Mitotracker spots (Fig. 6,
HSP-70, Z1 versus Z2).

ACP RNAi affects mitochondrial phospholipids

The decrease in respiration and the alteration in mito-
chondrial structure observed upon ACP RNAi could be

Fig. 4. Effect of ACP RNAi on the Mitotracker staining pattern.
A. Frequency histograms showing the distribution of cells with Mitotracker bright spots before (-RNAi) and after (+RNAi) induction of ACP
RNAi. Inset fluorescence images show examples of Mitotracker staining patterns seen in each condition. Arrowhead, Mitotracker bright spots
which are less common in wild-type or uninduced RNAi cells. Asterisk, normal Mitotracker staining in ACP RNAi cells. Arrow, larger Mitotracker
bright spots in late stage RNAi cells (day 4).
B. Effect of CCCP on Mitotracker staining of uninduced (-RNAi) and induced (+RNAi, 4 days) trypanosomes. Panel 1, 40 nM Mitotracker
(untreated with CCCP, 0.1 s exposure time). Panel 2, 40 nM Mitotracker (treated with 100 mM CCCP, 0.1 s exposure time). Panel 3, 5 nM
Mitotracker (treated with 100 mM CCCP, 1 s exposure time). Mitotracker staining (top), phase images (bottom).
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explained by a change in mitochondrial membrane
composition. As an initial test of this possibility, we
cultured PCF trypanosomes in the presence of
[14C]threonine. This amino acid is taken up by cells and
catabolized within the mitochondrion to form the fatty
acid precursor, [14C]acetyl-CoA. As in previous studies
(Stephens et al., 2007), ACP RNAi did not have a
strong effect on threonine uptake or labelling of most
phospholipids. However, RNAi caused some subtle
changes in phospholipids such as phosphatidylethanola-
mine (GPEth1) and phosphatidylinositol (GPIno) (Fig. 7,
Thr) that we subsequently confirmed in more rigorous
experiments involving electrospray mass spectrometry
(ES-MS) and gas chromatography-mass spectrometry
(GC-MS).

Electrospray mass spectrometry was used to evaluate
the effect of ACP RNAi on individual phospholipid species.
We found that survey scans of whole-cell extracts
revealed no significant changes attributable to RNAi.
These studies were conducted both in the positive ion
mode for detection of phosphatidylcholine (GPCho) and
sphingomyelin (SM), and in the negative ion mode for
detection of GPIno, GPEth, phosphatidylserine (GPSer),
phosphatidylglycerol (GPGro), phosphatidic acid (GPA)

and cardiolipin (T.K. Smith, unpubl.). However, further
investigation of the individual phospholipid classes by
parent ion scanning ES-MS/MS showed significant differ-
ences in the parent species of the collision-induced
inositol-1,2-cyclic phosphate daughter ion (241 m/z),
i.e. GPIno and inositolphosphoceramide (IPC) (Fig. 8A).
The major diacyl-GPIno species (C18:0/C18:2, 861 m/z)
decreased relative to the level of the major IPC species
(34:1, 778 m/z). In addition, quantification of inositol
containing phospholipids by GC-MS displayed a ~50%
decrease in GPIno as early as 1 day after RNAi induction.
This effect lasted for an additional 7 days, after which
cells resistant to RNAi generally begin to overtake the
population (Stephens et al., 2007). Total IPC levels, on the
other hand, remained constant throughout 8 days of RNAi
(Fig. 8B).

We next investigated the effect of RNAi (4 days) on
phospholipid species in mitochondria isolated from
trypanosomes. While we did not observe significant dif-
ferences between phospholipids from uninduced and
induced cells when using the positive ion mode
(Fig. S1A), we did detect changes in the negative ion
mode (Fig. S1B). Further investigation of the individual
phospholipid classes by parent ion scanning ES-MS/MS
revealed a reduction in GPIno while the two major IPC
species remained unchanged (Fig. 9A). In addition, we
detected changes in parent species forming the collision-
induced daughter ion (m/z 196) characteristic of GPEth

1The lipid nomenclature used in this paper follows the most
recent standards developed by an international consortium
(Fahy et al., 2005).

Fig. 5. Effect of ACP RNAi on mitochondrial
ultrastructure. Transmission electron
micrographs taken before (A) and after 5 days
of ACP RNAi (B). Asterisk, membranous
bodies; black arrowhead, protein aggregates;
N, nucleus; M, mitochondrion; K, kinetoplast;
A, acidocalcisome; L, lipid droplet; E,
endoplasmic reticulum; F, flagellum.
Fluorescence microscopy of cells probed
for HSP-70 before (C) and after 3 days
(left panel) or 4 days (right panel) of ACP
RNAi (D).
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and plasmenyl-GPEth (Fig. 9B). The major diacyl-GPEth
species (C18:0/C18:2, 739 m/z) was reduced con-
siderably, along with other minor diacyl species, while
the plasmenyl-GPEth species [(E) C16:0/C18:2 and
C18:0/C18:2, 699 and 726 m/z respectively] remained
unchanged. As in whole cells, parent ion scanning
revealed no RNAi-mediated changes in mitochondrial
GPCho, SM and GPSer (Fig. S2A and B). Additionally,
parent ion scanning ES-MS/MS of 153 m/z indicative of
glycerophospholipids, including GPA and GPGro, showed
no significant changes including those for cardiolipin,
whose [M-2H]2- doubly charged ion is observed at
748 m/z (Fig. S2C), along with the [M-H]- ion at 1498 m/z

(Fig. S3A). As cardiolipin has not been described in
trypanosomes prior to this report, further analysis by
accurate MS revealed four main cardiolipin species (T.K.
Smith, unpubl.). Daughter ion ES-MS/MS fragmentation
of one of the cardiolipin species (1500 m/z) revealed two
GPA daughter ions of the cardiolipin (linked by a glycerol)
as 1,2-O-(C18:2)acyl,(C18:0)acyl glycerol-3-P (m/z 699)
and 1,2-O-(C18:2)acyl,(C22:6)acyl glycerol-3-P (m/z 743)
(Fig. S3C). Fragmentation of these two ion species are
depicted in Fig. S3C, which correspond to the daughter
ions observed in Fig. S3B. Full lipid profiling on the mito-
chondrial lipids, including the cardiolipins will be published
elsewhere (T.K. Smith and J.L. Guler, in preparation).

Fig. 6. Distribution of respiratory complexes in relation to Mitotracker bright spots. Mitotracker staining (MiTr) and immunofluorescence (IF)
of respiratory complex IV (CIV, cytochrome c oxidase subunit IV), complex III (CIII, cytochrome c reductase iron sulphur protein subunit),
ATP synthase (ATP syn, F1b subunit) and HSP-70 (mitochondrial matrix chaperone). Arrowheads indicate points of colocalization between
Mitotracker bright spots and subunits of respiratory complexes. In the HSP-70 panel, boxes indicate zoomed regions (Z1 and Z2) shown in the
right-hand panels.
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To further evaluate the RNAi-mediated loss of GPEth in
isolated mitochondria, we investigated the two main path-
ways responsible for its synthesis; the Kennedy pathway
utilizes cytidine diphosphate (CDP)-ethanolamine and
diacylglycerol (DAG) substrates in the ER and GPSer
decarboxylation takes place on the inner mitochondrial
membrane (Voelker, 1997). Although we have not been
able to measure activity of GPSer decarboxylase directly
(T.K. Smith, unpubl.), metabolic labelling with [14C]ethano-
lamine (which labels GPEth made by the ER pathway) or
[14C]serine (which labels GPEth made by the mitochon-
drial pathway) allowed us to determine which of the
two pathways was inhibited during ACP RNAi. We found
that [14C]ethanolamine incorporation into GPEth did not
decrease (Fig. 7, Eth), indicating that the Kennedy
pathway remains fully functional following the loss of ACP.
In contrast, [14C]serine incorporation into GPEth (presum-

ably via GPSer decarboxylation, see below) decreased to
~35% of uninduced levels following 4 days of ACP RNAi
and [14C]serine-labelled GPSer levels increased to ~150%
of uninduced levels after 2 days but then return to normal
levels following 4 days of RNAi (Fig. 7, Ser). In these
experiments it is likely that radiolabel from [14C]serine
incorporates mostly into the head-groups of GPSer
and GPEth rather than into the acyl chains of these
phospholipids. The latter could occur if [14C]serine was
converted to [14C]acetyl-CoA through the sequential
action of serine dehydratase (which converts serine to
pyruvate) and pyruvate dehydrogenase; the [14C]acetyl-
CoA could then be incorporated into newly synthesized
fatty acids. Unpublished experiments (by T.K. Smith) with
[14C]serine labelling of wild-type procyclic trypanosomes
indicate that this is not the case. Furthermore, if this
were occurring in significant amounts, we would expect
other phospholipids labelled in the serine experiment to
decrease by amounts comparable to that of GPEth [which
is not apparent following 2 or 4 days of ACP RNAi
(Fig. 7, Ser)].

Discussion

Our current studies, which evaluate the consequences of
RNAi knock-down of ACP, build on our previous report that
the T. brucei mitochondrial fatty acid synthase makes satu-
rated fatty acids with the longest being palmitate (C16)
(Stephens et al., 2007). Effects such as respiratory inhibi-
tion (Figs 1 and 2, Table 1), alteration of mitochondrial
ultrastructure (Fig. 5), and changes in phospholipid com-
position (Figs 7,8 and 9) following ACP RNAi indicated
these fatty acid products are required to preserve proper
mitochondrial function. We also found with BSF trypano-
somes (but not with PCFs) that knock-out of ACP caused
loss of the mitochondrial genome (A.M. Clayton, J.L. Guler,
M.E. Lindsay and P.T. Englund, in preparation). Some of
these effects must be secondary, and to evaluate which is
the primary consequence of ACP depletion, we assessed
the timing of appearance of each effect following ACP
knock-down [ACP protein levels were down by 75% after
just 1 day of RNAi (Stephens et al., 2007)]. We found that
respiratory defects and alterations in Mitotracker staining
were not prominent until 2–3 days of RNAi (Figs 1 and 4A)
and enlarged mitochondria did not become prevalent until
after 3–4 days (Fig. 5D). The earliest detectable effects
were on phospholipid levels; GPIno was reduced by ~50%
after just 1 day (Fig. 8B) and GPSer was increased ~50%
after 2 days (Fig. 7, Ser). Although the changes in phos-
pholipid levels will be addressed later, these kinetic data
are consistent with the possibility that the primary effect of
ACP RNAi is on phospholipid composition.

In the first step in our investigation, we found that ACP
RNAi caused a reduction in O2 consumption (Fig. 1).

Fig. 7. Effect of ACP RNAi on newly synthesized phospholipids.
Cells were metabolically labelled with either [14C]threonine (Thr),
[14C]ethanolamine (Eth), or [14C]serine (Ser) after 0, 2, or 4 days
of ACP RNAi. Extracted lipids were fractionated by thin layer
chromatography and detected by autoradiography (~108 cell
equivalents per lane). Positions of phospholipid standards are
shown [neutral lipids (NL), free fatty acids (FFA) and phospholipids
(CL, cardiolipin; GPEth, phosphatidylethanolamine; GPSer;
phosphatidylserine; GPIno, phosphatidylinositol; GPCho,
phosphatidylcholine; SM, sphingomyelin]. White numbers on TLC
bands represent percentage of phospholipid levels (uninduced cells
were set to 100%) as quantified from the phosphorimager
exposure. Each panel was exposed to the phosphorimager screen
for an optimized time; Thr (4 days), Eth (6 h), Ser (18 h). Asterisk,
unknown band that could possibly be trypanosome cardiolipin.
F, solvent front. O, sample origin.
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Because of our previous finding that T. brucei mitochon-
drial fatty acid synthesis also supplies the octanoate pre-
cursor for synthesis of lipoic acid (Stephens et al., 2007),
we considered whether a decrease in lipoic acid content
alone could cause the drastic effects on cell growth and
respiration observed during ACP RNAi (Fig. 1). Pyruvate
dehydrogenase and a-ketoglutarate dehydrogenase, two
lipoic acid-dependant enzymes, contribute to the pool of
mitochondrial NADH and thus, complex I activity. Although
a decrease in the activity of these two enzymes could
theoretically account for the observed respiratory defects
displayed in Fig. 1, there are reasons why this is probably
not the case. First, RNAi knock-down of either dehydro-
genase does not cause any dramatic effects on trypano-
some growth (Bochud-Allemann and Schneider, 2002),
and second, decreases in activity of other respiratory
complexes (Table 1) easily account for the respiratory
defect.

In fact, based on the inhibition of complexes II, III and IV
(Table 1 and Fig. 2B) and decreased sensitivity to KCN
(Fig. 3B), we concluded that the respiratory effects of ACP
RNAi are confined predominantly to the cytochrome-
mediated branch rather than the alternative branch. In
addition, the RNAi-mediated increase in SHAM sensitivity

(Fig. 3B) and TAO protein levels (Fig. 3C) mirror effects
seen after RNAi-depletion of complexes III and IV
(Horváth et al., 2005) and increases in oxidative stress
(Fang and Beattie, 2003b). Thus, upregulation of the alter-
native pathway must be an attempt to compensate for the
loss of conventional respiration by oxidizing excess
reducing equivalents that build up downstream of
ubiquinone (see Fig. 3A) and thereby prevent an increase
in production of reactive oxygen species (ROS) (Fang and
Beattie, 2003b). However, we found that generation of
ROS increases sixfold after 2 days and > 60-fold after
4 days of RNAi (as measured by flow cytometry following
staining with 2′,7′-dichlorodihydrofluorescein diacetate
[1 mM (Fang and Beattie, 2003b; Figarella et al., 2006)],
J. L. Guler, unpubl.), indicating that TAO, although
upregulated, is still unable to divert all electron transport
from the cytochrome-mediated pathway. The resulting
oxidative stress could contribute to the RNAi-mediated
enlargement of the mitochondrion (Fig. 5B) (for review
see Wakabayashi, 2002).

As discussed previously, it is uncertain whether
complex I even exists in T. brucei. If our in-gel and spec-
trophotometric assays are actually detecting a bona fide
complex I, the absence of a strong RNAi-mediated effect

Fig. 8. Effect of ACP RNAi on inositol-
containing phospholipids from whole cells.
A. Lipids extracted from whole trypanosomes
either uninduced (-RNAi) or induced for RNAi
for 4 days (+RNAi) were analysed by
ES-MS/MS for GPIno and IPC phospholipids
(parent ion scanning of m/z 241). Peak
assignments are based on MS/MS daughter
ion spectra and comparisons to previous
experiments (G.R. Richmond and T.K. Smith,
unpubl. data).
B. Lipid myo-inositol levels were quantified by
GC-MS from whole wild-type cells (wt),
uninduced RNAi cells (day 0), or cells induced
for RNAi for various days. Values of
myo-inositol are the mean of three separate
analyses (standard deviation for any triplicate
was not greater than 7%) and have been
normalized to wild-type levels (wt, set to
100%, 126 pmol total myo-inositol per 1 ¥ 105

cell equivalents: GPIno (grey bar), 68.5 pmol;
IPC (white bar), 57.9 pmol).
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would indicate that ACP does not play an essential struc-
tural or functional role in complex I as it does in fungi
(Schneider et al., 1997) and mammals (Runswick et al.,
1991; Cronan et al., 2005). However, the reliability of this
conclusion is limited by the observation that in-gel activity
was not inhibited by piericidin (5 mM) or rotenone (10 mM)
(A. Horváth and P. Čermáková, pers. comm.), two specific
inhibitors of complex I in other organisms. However, resis-
tance to these drugs could be explained if T. brucei
complex I is highly diverged and lacks the appropriate
binding sites for these inhibitors.

While complexes I and V were relatively unaffected by
ACP RNAi (Table 1), it appears that the activity, or
perhaps the assembly, of complexes II, III and IV are
especially sensitive to changes in levels of fatty acids or
other downstream products of the mitochondrial syn-
thase. One possibility is that ACP RNAi affects synthesis
or repair of cardiolipin, a mitochondrial phospholipid that
is especially important for respiratory complex assembly
(for review see Li et al., 2007). However, using ES-MS,
we detected no significant changes in cardiolipin follow-
ing RNAi (Fig. S3). Another possibility is that inactivation
of respiratory complexes is due to the accumulation of

lysophospholipids as observed in ACP-depleted Neuro-
spora crassa (Schneider et al., 1995). Lysophospholipids
are produced when phospholipases remove acyl chains
that have been damaged by ROS (for review see Nigam
and Schewe, 2000). Presumably, these highly reactive
repair intermediates could be reacylated using fatty
acids synthesized in the mitochondrion. However, we
detected no increase in lysophospholipids by ES-MS
(T.K. Smith, unpubl.), a finding similar to that from
S. cerevisiae mitochondrial ACP mutants (Schneider
et al., 1995).

Changes in other phospholipids were detected follow-
ing ACP RNAi (Figs 8 and 9). While GPIno was decreased
in extracts of both whole cells and isolated mitochondria,
GPEth was decreased only in isolated mitochondria. This
latter result indicates that the global decline in GPIno is
not solely due to the decrease in mitochondrial levels
because mitochondrial phospholipids make up a small
fraction of total phospholipids. Furthermore, it is likely that
these effects are dependent on the depletion of ACP and
not due to a decrease in growth rate or viability during the
induction. For example, mutants defective in an enzyme
essential for de novo synthesis of myo-inositol have a

Fig. 9. Effect of ACP RNAi on inositol- and
ethanolamine-containing phospholipids from
mitochondria. Mitochondria were purified and
lipids were extracted from uninduced (-RNAi)
and induced ACP RNAi cells (+RNAi, 4 days)
and analysed by ES-MS/MS for either (A)
GPIno and IPC phospholipids [parent ion
scanning of the m/z 241 fragment (see
structure)] or (B) GPEth phospholipids
[parent ion scanning of the m/z 196 fragment
(see structure)]. Peak assignments are
based on MS/MS daughter ion spectra and
comparisons to previous experiments on
whole-cell extracts (G.R. Richmond and
T.K. Smith, unpubl. data). E, plasmenyl
(alkenylacyl) phosphatidylethanolamine.
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growth defect but do not display significant changes in
levels of GPIno or GPEth (Martin and Smith, 2006).

How can ACP RNAi cause a decrease in extra-
mitochondrial GPIno? This phospholipid is the third most
abundant phospholipid in PCF trypanosomes (Patnaik
et al., 1993) and consequences of its decrease could be
diminished by the presence of another inositol-containing
phospholipid, IPC, whose total levels remain unchanged
after RNAi (Fig. 8B). Therefore, it is possible that CDP-
DAG (the precursor for synthesis not only of GPIno, but
also GPSer, GPGro and cardiolipin) could be directed
away from GPIno synthesis and towards synthesis of
other phospholipids, such as cardiolipin, which are espe-
cially sensitive to ROS damage (Edman and Ericson,
1987; Schlame et al., 1993). In addition, changes in phos-
pholipid content may disrupt formation of mitochondrial-
associated membranes (MAMs), a subcompartment of
the ER that facilitates phospholipid transfer to and from
the mitochondria and one site of GPIno synthesis (Gaigg
et al., 1995). Although likely a secondary consequence, a
decrease in activity of the MAM-localized GPIno synthase
could further diminish GPIno levels.

GPEth, which is also abundant in trypanosomes
(Doering et al., 1993; Patnaik et al., 1993), contributes to
maintenance of topology (Zhang et al., 2005), transloca-
tion (Rietveld et al., 1995; Mikhaleva et al., 2001), and
folding of E. coli membrane proteins (Bogdanov et al.,
1996; Bogdanov and Dowhan, 1999). In addition, GPEth
appears to be critical for optimal activity of respiratory
complexes (Schagger et al., 1990; Birner et al., 2001) and
proper ubiquinone function (Mileykovskaya and Dowhan,
1993). In fact, the synthetic lethality of yeast mitochondrial
GPEth and cardiolipin synthesis mutants (Gohil et al.,
2005) suggests that mitochondrial GPEth may have a
function similar to cardiolipin (Li et al., 2007).

The importance of GPEth is emphasized by the fact that
there are at least two pathways responsible for its synthe-
sis: the Kennedy pathway (generally in the ER) and
GPSer decarboxylation (generally in the mitochondrion).
In some organisms, there are additional sites of GPSer
decarboxylation (Nerlich et al., 2007), but trypanosomes
resemble mammals (Kuge et al., 1991) in that they have a
single gene for GPSer decarboxylase whose product is
predicted to be mitochondrial (http://www.genedb.org/
genedb/tryp). The relative flux through the two pathways
varies in different cell types and depends on availability of
substrates (Bleijerveld et al., 2007). In T. brucei, we were
not able to measure the contribution of each pathway
owing to uncertainty concerning the intracellular pool size
of non-radioactive ethanolamine and serine. Labelling
with [14C]ethanolamine, which is converted to GPEth in
the ER, is a control to assess general phospholipid syn-
thesis during ACP RNAi (Fig. 7, Eth). During [14C]serine
labelling, the initial increase in GPSer (day 2) and subse-

quent decrease in GPEth (day 4) demonstrated the selec-
tive inhibition of ACP RNAi on the mitochondrial pathway
(Fig. 7, Ser). At this point, however, we cannot tell whether
this is due to inhibition of GPSer transport to mitochondria
(possibly through the disruption of MAMs, see above) or
inhibition of GPSer decarboxylase itself (possibly through
the disturbance of the inner mitochondrial membrane, see
below). Interestingly, decreases in mitochondrial GPEth in
GPSer decarboxylase mutants cause rounding and frag-
mentation of mammalian mitochondria (Steenbergen
et al., 2005) which along with oxidative stress (mentioned
above), could explain the abnormal mitochondrial mor-
phology seen during ACP depletion (Fig. 5B and D).

The enlargement of the mitochondrion was preceded
by the appearance of Mitotracker bright spots, which,
based on CCCP experiments (Fig. 4B), are at least
partially due to localized regions of elevated membrane
potential. EM and immunofluorescence experiments in
Figs 5 and 6 provide evidence that these bright spots
are not a result of massive fragmentation of the
mitochondrion. One potential scenario, however, is that
RNAi induced vesiculation of the inner membrane.
Perhaps these vesicles, which may correspond to the
membranous bodies detected by EM (Fig. 5B), can
actively generate a membrane potential because they
contain normal levels of GPEth whereas this phospholipid
is depleted from other parts of the inner membrane.
Another possibility is that the remaining GPEth is seques-
tered in distinct regions of the inner membrane which
creates microenvironments where respiration and thus,
production of membrane potential occur at a higher rate.
Whatever the case, we cannot rule out the possibility that
the entire inner membrane is generating a membrane
potential that is below the limits of our detection with
Mitotracker.

Although beyond the scope of this paper, the reductions
in GPIno and GPEth could also have detrimental effects
on glycosylphosphatidylinositol (GPI) biosynthesis. GPIno
provides the anchoring hydrophobic moiety of the GPI
(Masterson et al., 1989) and GPEth donates phosphoet-
hanolamine (Menon et al., 1993). As GPIno and GPEth
levels are also decreased after ACP knockout in BSF
trypanosomes (T.K. Smith, unpubl.), a drug targeting mito-
chondrial fatty acid synthesis could indirectly diminish the
BSFs ability to evade the host immune system through a
detrimental effect on GPI anchor biosynthesis required for
cell surface expression of the variant surface glycoprotein
(Nagamune et al., 2000; Chang et al., 2002; Smith et al.,
2004).

There are several classical inhibitors that target fatty
acid synthesis, some of which have been tested on try-
panosomes with varying efficacies (Morita et al., 2000;
Paul et al., 2004; Jones et al., 2005). In addition, new
inhibitors of fatty acid synthesis are still being developed
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(Ondeyka et al., 2006; Wang et al., 2006). One such class
of inhibitors, the pantothenamides, mimics pantothenate,
a vitamin required for coenzyme A biosynthesis, and con-
sequently, ACP biosynthesis (Zhang et al., 2004). We
found that pantothenamides effectively kill both PCF and
BSF T. brucei, although the EC50’s are high [~130 and
~75 mM respectively (J.L. Guler, unpubl. data)]. Based
on metabolic labelling of fatty acids with [14C]threonine
and [14C]pyruvate and detection of protein lipoylation by
Western blot analysis (as described in Stephens et al.,
2007), we found that these compounds target trypanoso-
mal mitochondrial fatty acid synthesis. Pantothenamides
may also affect the ELO pathway, which is responsible for
bulk fatty acid synthesis within these cells.

In conclusion, our studies demonstrate the extent to
which the trypanosome relies on mitochondrial fatty acid
synthesis. Loss of this pathway affects respiration,
organellar morphology and, in the BSF, maintenance of
the mitochondrial genome (J.L. Guler, in preparation).
One objective of this paper was to explain how knock-
down of mitochondrial fatty acid synthesis could bring
about these varied effects. While the chain of events
leading to all these phenotypes is obviously complex, we
present strong evidence that the primary effect of ACP
RNAi is on phospholipid composition. Even though we
could not detect phospholipid repair intermediates in
RNAi cells, a decrease in levels of mitochondrial acyl-
ACPs could potentially lead to the inhibition of local phos-
pholipid repair. Thus, in order to maintain normal levels of
cardiolipin in RNAi mitochondria (as described above),
CDP-DAG may be directed away from production of
abundant/redundant phospholipids such as GPIno and
towards synthesis of cardiolipin precursors. We hypoth-
esize that this change in phospholipid content disrupts
membrane subcompartments such as MAMs and the
inner mitochondrial membrane which may normally
require a specific repertoire of phospholipids for proper
functioning. This disruption could contribute to the
decrease in mitochondrial GPEth through interruption of
GPSer transport or inhibition of GPSer decarboxylase; it
could also cause further decreases in GPIno through inhi-
bition of GPIno synthase. Future studies on mitochondrial
fatty acid synthesis should clarify these individual events.

Experimental procedures

Trypanosomes

Wild-type PCF trypanosomes were T. brucei strain 29–13.
Strains constructed for tetracycline-inducible RNAi of ACP
(Stephens et al., 2007) and ODC (Wang et al., 2000) utilized
the pZJM vector (Wang et al., 2000) transfected into strain
29–13. All PCF trypanosomes were maintained at 28°C and
5% CO2 in SDM-79 medium (Brun and Schonenberger, 1979)
supplemented with 10% fetal bovine serum and antibiotics as

needed (15 mg ml-1 G418, 50 mg ml-1 hygromycin, 2.5 mg ml-1

phleomycin). RNAi was induced with 1 mg ml-1 tetracycline.
Cell densities were monitored using a Coulter cell counter
(model Z1, Coulter).

Oxygen electrode measurements

O2 consumption of PCF trypanosomes was measured essen-
tially as previously described (Beattie et al., 1994). Briefly,
after harvest, cells (~9 ¥ 107 cells, containing ~1 mg of
protein) were washed (150 mM NaCl, 5 mM glucose and
20 mM sodium phosphate, pH 7.9) and then suspended in
assay buffer (125 mM sucrose, 65 mM KCl, 5 mM Hepes,
pH 7.2, 1 mM MgCl2, 2.5 mM potassium phosphate, 1 mM
EDTA). Measurements on intact cells were performed at
28°C in a 2 ml chamber of a Clark-type O2 electrode (Yellow
Springs Instruments). No additional substrates were added.

Assays of respiratory complex activity

Mitochondrial vesicles (2 ¥ 108 cell equivalents) were isolated
and lysed with 2% dodecylmaltoside as described (Horváth
et al., 2005). Activities of respiratory complexes I and IV were
detected by in-gel assays following electrophoresis of mito-
chondrial lysate (80 mg of protein per lane) on a 2–15% blue
native PAGE gel. To assay NADH dehydrogenase activity
(complex I), the gel was incubated in 0.14 mM NADH and
1 mg ml-1 nitrotetrazolium blue chloride. The insoluble blue
product precipitated in a region of the gel where putative
T. brucei complex I has been shown to migrate (~650 kDa)
(Horváth et al., 2005). To assay complex IV activity, the
gel was incubated in 50 mM sodium phosphate, pH 7.4,
1 mg ml-1 3,3′-diaminobenzidine, 24 U ml-1 catalase,
1 mg ml-1 cytochrome c and 75 mg ml-1 sucrose. The brown
precipitate was observed in the same region of the gel as
complex IV activity from Leishmania tarentolae mitochondria
(Horváth et al., 2005; Zíková et al., 2006).

Activities of respiratory complexes I, III and IV were also
measured spectrophotometrically in mitochondrial lysates as
previously described (Horváth et al., 2005; Zíková et al.,
2006). For NADH:ubiquinone oxidoreductase activity (which
detects both complex I and alternative NADH dehydrogena-
ses), mitochondrial lysate was incubated with NADH in the
presence of KCN. Following the addition of an artificial elec-
tron acceptor (either ubiquinone 2 or ferricyanide) the reac-
tion was measured by a decrease in A340. For complexes III
and IV activities, mitochondrial lysate was incubated with
either reduced decylubiquinone and horse heart cytochrome
c (complex III assay) or reduced cytochrome c alone
(complex IV assay) and the reactions were followed at A550.
Complexes II and V activities were also assayed spectropho-
tometrically using the following methods. Complex II activity
was measured in mitochondrial vesicles (5 ml; 40 mg of
protein) preincubated for 10 min at 30°C in cuvettes contain-
ing 1 ml of assay buffer (25 mM potassium phosphate,
pH 7.2, 5 mM MgCl2 and 20 mM sodium succinate). Roten-
one (2 mg ml-1), antimycin A (2 mg ml-1), KCN (2 mM) and
ubiquinone 2 (65 mM) were then added and the activity of
complex II was measured by following the reduction of 2,6-
dichlorophenolindophenol (DCPIP; 50 mM) at A600 (assuming
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an extinction coefficient of 19.1 mmol-1 cm-1). Complex V
activity was measured in cuvettes containing 1 ml of ATPase
assay buffer (50 mM Tris-HCl, pH 8.0, 1 mM ATP, 3 mM
MgCl2), 1 mM phosphoenolpyruvate, 1.1 ml of lactate dehy-
drogenase (type II from rabbit muscle, 1020 U mg-1

(12 240 U ml-1), Sigma), 1 ml of pyruvate kinase [type VII from
rabbit muscle, 378 U mg-1 (1852 U ml-1), Sigma] and 5 ml of
mitochondrial vesicles (40 mg of protein). The reaction was
started with the addition of 0.3 mM NADH and followed by the
decrease in A340. As ATPase activity was sometimes lost after
freezing and thawing, only fresh samples were assayed.

Western blots

All antibodies used for Western blots and immunofluores-
cence were made against T. brucei proteins unless other-
wise noted. For Western blots, trypanosomes (~5 ¥ 106

cells lane-1) were harvested and stored at -80°C until frac-
tionated by 10% or 12% SDS-PAGE. The proteins were then
transferred to a PVDF membrane and incubated with either
rabbit anti-Crithidia fasciculata HSP-70 [1:1000 (Effron et al.,
1993) and see note below], rabbit anti-ATP synthase F1
b-subunit [ATPsyn, 1:1000, provided by R. Benne (Speijer
et al., 1997)], or mouse anti-TAO [1:1000, provided by
G.C. Hill (Chaudhuri et al., 1998)] followed by the appropriate
secondary antibody conjugated to horseradish peroxidase
(HRP, Jackson Immunoresearch, 1:5000–10 000). HRP was
detected by either the Enhanced Chemiluminescent Sub-
strate kit (ECL, Amersham Biosciences) or the Supersignal
West Femto kit (Femto, Pierce).

The HSP-70 antibody was made against a protein (likely an
HSP-70) that was purified many years ago from a Crithidia
fasciculata mitochondrial fraction. The antibody recognizes a
70 kDa polypeptide on Western blots of T. brucei total cell
protein (Fig. 3C) and it colocalizes with Mitotracker staining in
T. brucei wild-type cells (J.L. Guler, unpubl.)

Fluorescence and electron microscopy

For Mitotracker staining, cells were harvested and stained
with 40 nM Mitotracker Red CMX-ROS (Molecular Probes)
for 10 min at 27°C in SDM-79 medium followed by another
20 min in medium alone (Stephens et al., 2007). After
re-suspension in PBS, cells were fixed in 4% paraformalde-
hyde (Wang and Englund, 2001) and viewed on a Zeiss
Axioscope Microscope or stained for immunofluorescence
(see below). For quantification of the Mitotracker phenotype,
the number of Mitotracker bright spots per cell was manually
counted for ~100 trypanosomes (wild type and day 0 through
day 4 of ACP RNAi). For uncoupler treatment, trypanosomes
were incubated with fresh CCCP (carbonyl cyanide
m-chlorophenylhydrazone, Sigma, 100 mM in DMSO) as pre-
viously described (Brown et al., 2006) prior to Mitotracker
staining (as above). For immunofluorescence, Mitotracker-
stained fixed cells were incubated with the primary antibodies
mentioned above [anti-ATPsyn (1:1000), anti-HSP-70
(1:200)] or rabbit anti-Leishmania tarentolae cytochrome c
oxidase subunit IV [CIV, 1:100 (Maslov et al., 2002)] and
anticytochrome c reductase iron sulphur protein [CIII, 1:200
(McManus et al., 2001)] followed by the appropriate

AlexaFluor 488 secondary antibody (Molecular Probes)
(diluted 1:500–1:1000) (Wang and Englund, 2001).

For transmission EM, cells were fixed in 2.5% (v/v) glut-
araldehyde in either 0.1 M sodium cacodylate buffer, pH 7.4
or 0.1 M sodium phosphate buffer, pH 7.4, for 1 h at 4°C, and
post-fixed with 2% osmium tetroxide in the same buffer for
1 h at room temperature. After dehydration the cells were
embedded in either PolyBed (Polysciences) or Epon-Araldite
(Serva) and sectioned. Thin sections were stained with lead
citrate and uranyl acetate, and examined in a JEOL JEM
1010 microscope.

Phospholipid analysis using thin-layer chromatography

Trypanosomes were labelled in minimal media to enhance
uptake of the radioactive compounds. This minimal medium,
which lacks hemin and FBS, consists of Minimal Essential
Medium (MEM, Gibco), the basal medium used for SDM-79,
BME vitamins solution (Sigma) and SDM-79 solids (Brun and
Schonenberger, 1979), leaving out either threonine or serine.
Prior to labelling, trypanosomes (~1 ¥ 108 cells in 1 ml)
were incubated in this minimal medium at 28°C. After
~30 min, 1.2 mCi L-Threonine-UL-14C hydrochloride (Sigma,
155 mCi mmol-1) or 0.2 mCi Ethanolamine-1,2-14C hydrochlo-
ride (Sigma, 13.8 mCi mmol-1) was added and incubated at
28°C for another 2–4 h. Trypanosomes were also labelled
with 1.2 mCi L-Serine-UL-14C (Sigma, 127 mCi mmol-1) for 2 h
as above, washed twice in PBS, and then chased in normal
SDM-79 medium for two additional hours. For phospholipid
analysis, lipid species were extracted in 10:10:3 chloroform/
methanol/water, dried under N2 gas and re-suspended in
chloroform before fractionation on thin layer chromatography
(TLC) as previously described (Leray et al., 1987). Briefly,
TLC plates (Whatman LK5D) were pre-washed in 1:1
chloroform/methanol, air-dried, wet with 2.3% boric acid in
ethanol and dried for 15 min in a 100°C oven. Standards
and samples (20 ml) were loaded and plates were run in
30:35:7:35 chloroform/ethanol/water/triethylamine, dried and
visualized by phosphorimaging. Non-radioactive standards
(~50 mg each) were detected by phosphorimaging after
spraying with primuline (50 mg ml-1 in 4:1 acetone/water),
viewing under UV light and spotting with [14C]butyrate.

Phospholipid analysis using electrospray
mass spectrometry

Phospholipid analysis was performed on whole cells and
isolated mitochondrial vesicles from PCF trypanosomes. For
whole-cell analysis, ~1–5 ¥ 108 cells uninduced or induced for
ACP RNAi for 4 days were harvested and washed in PBS.
For mitochondrial analysis, mitochondrial vesicles from
~1 ¥ 1010 trypanosomes, uninduced or induced for ACP RNAi
for 4 days, were isolated on a 20–35% renografin gradient as
reported previously (Braly et al., 1974; Stephens et al.,
2007). Both types of samples were extracted according to the
method of Bligh-Dyer (Bligh and Dyer, 1959), dried under N2

and stored at 4°C until analysed by electrospray mass spec-
trometry (ES-MS and ES-MS/MS). For MS of phospholipids
such as GPCho, SM, GPA, GPGro, cardiolipin, GPIno, GPEth
and GPSer, samples were re-suspended in chloroform/
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methanol (1:2 v/v). An aliquot of total lipid extract was analy-
sed with a Micromass Quattro Ultima triple quadrupole mass
spectrometer equipped with a nanoelectrospray source.
Samples were loaded into thin-wall nanoflow capillary tips
(Waters) and analysed by ES-MS in both positive and nega-
tive ion modes using a capillary voltage of 0.9 kV and cone
voltages of 50 V. Tandem mass spectra (MS/MS) were
obtained using argon as the collision gas (~3.0 mTorr) with
collision offset energies as follows: 35 V, GPCho/SM in posi-
tive ion mode, parent ion scanning of m/z 184; 45 V, GPIno in
negative ion mode, parent ion scanning of m/z 241; 45 V,
GPEth in negative ion mode, parent ion scanning of m/z 196;
28 V, GPSer in negative ion mode, neutral loss scanning of
m/z 87; and 40 V, for all glycerophospholipids (including GPA,
GPGro and cardiolipin) detected by precursor scanning for
m/z 153 in negative ion mode. MS/MS daughter ion scanning
was performed with collision energies between 35 and 50 V.
In positive ion mode, ions in the GPCho and SM spectra were
annotated based on their [M + HNMe3(+)]+, [M-140] and
[GPA-H] daughter ion derivatives, respectively, and com-
pared with their theoretical values and previous analyses
(Richmond and Smith, 2007). In negative ion mode, phos-
pholipid class peaks were assigned according to their
[lyso-H]-, [lyso-H20-H]-, [lysoGPA-H]- or [lysoGPA-H20-H]-
daughter ion derivatives. Fatty acids were assigned based on
their [M-H]- values. Saturated and unsaturated fatty acids
were assumed to be esterified to the sn-1 and sn-2 position
respectively. Annotation of all phospholipids is also based
upon comparison to their theoretical values and other ES-MS
and ES-MS/MS analyses conducted on whole-cell extracts
(T.K. Smith, unpubl. data). Each spectrum encompasses at
least 50 repetitive scans.

Total lipid inositol analysis

PCF trypanosomes (~1–5 ¥ 108 cells), uninduced or induced
for ACP RNAi (1, 2, 4, or 8 days), were harvested and
washed in PBS. Lipids were extracted and analysed for
inositol as previously described (Martin and Smith, 2006)
with minor modifications. Briefly lipid extracts [chloroform:
methanol (2:1 v/v) and chloroform:methanol:water (1:2:0.8
v/v)] were pooled, dried under nitrogen and stored at 4°C until
they were subjected to base hydrolysis (concentrated NH3 in
50% propan-1-ol, 50°C for 5 h) followed by repeated parti-
tioning between butan-1-ol and water. An internal standard of
D6 myo-inositol was added to both phases prior to hydrolysis
by strong acid (6M HCl, 110°C), derivatization with trimethyl-
silyl esters and analysis by GC-MS, according to the method
of Ferguson (1993). Soybean GPIno and IPC controls were
processed in parallel.
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